High density lipoproteins (d = 1.063 to 1.21 g/ml) were isolated from both individual and pooled umbilical cord blood plasma by sequential preparative ultracentrifugation. Mean total HDL concentration was 139 ± 9.1 mg/dl, with mean values for cholesterol and triglyceride of 24.9 mg/dl and 5.0 mg/dl, respectively. The particle size distribution of HDL particles was examined by gradient gel electrophoresis (GGE) on 4-30% gels; the range of particle sizes was broader than that reported for adult HDL and showed a deficiency of material in the region defined as (HDL 3a ). ge . In contrast, the latter is a major peak in adult HDL. The total HDL isolated from the pooled samples were subfractionated by density gradient ultracentrifugation. The subfractions, as well as the total HDL used as starting material, were analyzed for size (both GGE and electron microscopy), chemical composition, and apolipoprotein content by both sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis and radioimmunoassay for apo E. Apo E concentration of 1.76 mg/dl in cord blood HDL is high relative to the low HDL cholesterol value of 24.9 mg/dl. In addition to increased amounts of apo E, cord blood HDL contained apo A-l, apo A-ll, and traces of apo C's. The less dense HDL (d =£ 1.115) were large (12.0 nm), were enriched in unesterified cholesterol, and contained the bulk of the apo E which was present as a reducible mixed disulf ide complex (E-A-ll). The more dense HDL (d 3= 1.115) were smaller and were enriched in total protein and cholesteryl ester. The unusual HDL size distribution, as determined by GGE, and the elevated apo E and apo E-A-ll complex content of cord blood HDL point to an altered metabolism of lipoproteins with densities of 1.063 to 1.21 g/ml in the fetus. (Arteriosclerosis 3:357-365, July/August 1983) T he study of high density lipoproteins (HDL), their metabolism, and the factors that control that metabolism has recently gained added impetus as the evidence for a protective role for HDL in atherosclerosis has grown. Received December 20, 1982; revision accepted February 24, 1983. process is thought to begin in childhood, the study of the neonatal lipoprotein patterns may allow the identification of lipoprotein metabolic abnormalities and thus allow early intervention in the disease process. 4 Additionally, characterization of the neonatal lipoproteins and their metabolism may give added insights into the control mechanisms and pathways that produce the spectrum of particles seen in adult HDL and adult lipoproteins in general.
T he study of high density lipoproteins (HDL), their metabolism, and the factors that control that metabolism has recently gained added impetus as the evidence for a protective role for HDL in atherosclerosis has grown. 1 " 3 Factors responsible for the various subspecies of HDL, their relative concentrations, and their metabolic interrelationships are at present poorly understood. As part of an effort to expand our knowledge and understanding of HDL metabolism, a study of neonatal umbilical cord blood HDL was undertaken. Neonatal lipoproteins, in general, and neonatal HDL, in particular, are of interest for several reasons. Because the atherosclerotic process is thought to begin in childhood, the study of the neonatal lipoprotein patterns may allow the identification of lipoprotein metabolic abnormalities and thus allow early intervention in the disease process. 4 Additionally, characterization of the neonatal lipoproteins and their metabolism may give added insights into the control mechanisms and pathways that produce the spectrum of particles seen in adult HDL and adult lipoproteins in general.
Several investigators have quantitated the cholesterol and triglyceride level in cord blood HDL. 5 " 17 The results have been somewhat variable but show that approximately 50% of the total cord blood cholesterol is carried in HDL, in marked contrast to the adult where the majority of the cholesterol is carried in the LDL. Although triglyceride, cholesterol, and apolipoprotein A-l levels in cord blood have been investigated, little is known about cord blood HDL and the few studies of isolated cord blood HDL have reported compositions that vary widely.
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- 12 -14~18 It is the aim of this report to characterize the distribution, composition, and size of the neonatal HDL and HDL subfractions.
Methods

Llpoproteln Isolation
The cord blood was collected in tubes containing 1 mg/ml EDTA and immediately refrigerated. Red cells were separated by centrifugation at 4000 x g for 10 minutes at 4°C. Plasmas were processed and pooled (10 to 20 samples per pool) essentially as described previously. 19 In brief, this entailed the quantitation of the levels of triglyceride and total cholesterol in individual samples, the exclusion of cord blood plasma with levels of either triglyceride or cholesterol exceeding 100 mg/dl, and the pooling of plasma without regard to sex. Samples were pooled since we previously showed no gender-related differences between cord blood lipoproteins when individual cord blood samples were analyzed. 19 The total HDL were isolated from the cord blood plasma by preparative ultracentrifugation according to the method of Lindgren et al., 20 except that all ultracentrifugation steps were carried out at 4°C. The HDL was fractionated into HDL, and HDLj. In some experiments the total HDL was subfractionated by density gradient ultracentrifugation as described by Anderson et al. 21 The density of the total HDL was adjusted to d = 1.110 g/ml by dialysis and the sample (2 ml) was layered between 2 ml of d = 1.106 g/ml solution and 2 ml of d = 1.115 g/ml solution. The gradient was ultracentrifuged at 17°C for 48 hours at 178,000 x g in a Beckman 50.3 rotor and then fractionated by pipetting into six 1 ml fractions. All the fractions were stored at 4°C in Teflon-lined, screw cap vials until analyzed.
Analytical Procedures
Electrophoresis of HDL and HDL subtractions on precast slab gradient gels (PAA 4/30, Pharmacia, Piscataway, New Jersey) was performed as detailed by Blanche et al. 22 Identification of the apolipoproteins was done by electrophoresis on 10% polyacrylamide gel with 0.1% sodium dodecyl sulfate (10% SDS-PAGE) in the presence or absence of the reducing agent, mercaptoethanol, according to the procedure of Weber and Osborn. 23 The fractions were analyzed for chemical composition as described previously 19 except for the modifications noted below. Lipid phosphorus was determined after digestion of the sample with GFS digestion solution (G. Frederich Smith Chemical Company, Columbus, Ohio) at 260°C for 1.5 hours. The total cholesterol and unesterified cholesterol were quantitated by gas liquid chromatography of the N,0 bis-(trimethysilyl) trifluoroacetamide derivative of cholesterol according to the method of Hindriks et al.
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Radioimmunoassay of Apo E Radioimmunoassay (RIA) of apolipoprotein E was performed as detailed previously. 25 Samples were preincubated overnight in a solution of 50 mM sodium decyl sulfate before assay. The assay was performed with final concentrations of 5mM decyl sulfate, 50 mM sodium phosphate buffer (pH 7.4), 100 mM NaCI, 0.02% sodium azide, 0.04% nonimmune rabbit serum, 0.011 % specific antiserum against apo E, and 30,000 cpm 125 l-labeled apo E. Goat antirabbit serum was added after a 48-hour incubation at 4°C, and the following day the assay was harvested by centrifugation. An identical apo E content was obtained when the samples were assayed with or without prior delipidation with organic solvents. Standard curves were prepared from a calibrated plasma pool which was stored at -80°C. Each assay contained three separately prepared standard curves, each pipetted in duplicate and each containing 15 different concentrations of apo E. The antibody used did not distinguish between apo E as free apo E or as apo E-A-ll. The plasma pool was calibrated using a primary standard of purified apo E whose concentration was determined by a Lowry protein determination. The within-assay coefficient of variation was 9% and the coefficient of variability for between assay variability was 3%.
Electron Microscopy
HDL and HDL fractions were dialyzed against 0.13 M ammonium acetate buffer (pH 7.4), containing 0.35 mM EDTA and 0.124 mM merthiolate. Samples were stained with 2% sodium phosphotungstate (pH 7.4) and immediately examined in a JEM 100C electron microscope. Particle sizes (200 free-standing particles per fraction) from two separate experiments were obtained using a computer program on a PDP 8/e system in conjunction with a sonic digitizer (GrafPen Science Accessories Corporation, Southport, Connecticut) which translates x-y coordinates into particle diameters.
Results
Concentrations of total HDL, HDL,, and HDL3 are shown in Table 1 . The fetal HDL levels are approximately 50% to 60% of those found in adults. 26 The data in Table 1 also show that HDLj is the predominant species in terms of total mass and total lipid mass, whereas HDLj has greater total protein mass (30% higher than HDLJ.
Cord blood HDL from both individuals and from pooled plasma were examined by gradient gel electrophoresis (GGE) to determine HDL size distribution and heterogeneity. 'These values are the averages of two experiments with pooled cord blood. GGE = gradient micrography. gel electrophoresis; EM = electron TG = triglyceride; PL = phospholipid; TC = total cholesterol.
lack of an ( H D L^)^ peak; this is generally a major peak in adult HDL. Additionally, cord blood HDL has larger HDL in the (HDLgt,) region and smaller HDL in the (HDLJgg,, region. Unlike adult patterns, cord blood HDL also possess two distinct components within the (HDLJgg,, region. Since GGE indicated considerable particle size heterogeneity in cord blood HDL, HDL from pooled cord blood was subfractionated by density gradient ultracentrifugation. The resulting distribution of HDL protein and the density of the fractions collected are shown in Table 2 . The protein distribution was roughly bimodal with a peak of protein (10.9%) in the uppermost, least dense fraction (Fraction 1, d = 1.097 g/ml) and the bulk of the protein (55%) in the bottom, most dense fraction (Fraction 7, d s= 1.133 g/ml). (HDL)gge 2a 3a 3b 3c Figure 1 . Gradient gel electrophoresis patterns for cord blood HDL (individual and pooled) and a normal adult male gradient gel pattern. Gels were fixed and stained as detailed by Blanche et al. 22 The gels were scanned at 630 nanometers in a computerized scanning densitometer. The size of the HDL subpopulations in the fractions ranged from 12.0 nm (Fraction 1) to 8.4 nm (Fraction 6) both by electron microscopy (EM) and GGE (Table 2 and Figure 3 ). Typical densitometric patterns of the HDL fractions electrophoresed on 4 -30% gradient gels are shown in Figure 3 . While density gradient ultracentrifugation served to separate the HDL into several different size classes, the separation was not complete as evidenced by the presence of more than one component in the patterns obtained from the denser fractions. EM revealed that the HDL from every fraction had a spherical morphology and that the average diameter decreased with increasing density. The particle sizes determined by GGE agreed quite well with those obtained by EM.
Density gradient fractions were analyzed for apolipoprotein content by 10% SDS-PAGE after reduction with mercaptoethanol. As seen in Figure 4 A, cord blood HDL contain apo E, apo A-l, apo A-ll, and traces of apo C. The apo E band was prominent in the least dense fractions and diminished as density increased. Apo A-ll showed the opposite behavior, increasing as the density increased. The apolipoproteins in the HDL fractions were electrophoresed in the absence of mercaptoethanol and, as shown in Figure 4 B, the apo E was present primarily as a reducible mixed disulfide complex (apo E-A-ll), identified on the basis of its calculated molecular weight.
The apo E content of the HDL fractions was also quantitated by radioimunoassay. The apo E concentration in the total HDL from pooled cord blood was 1.76 ± 2.8 mg/dl and its percentage distribution in the fractions is shown in Table 2 . The RIA results clearly indicate that the bulk of the apo E was located in the less dense fractions and decreased as a function of increasing density.
The compositions of total HDL and the HDL subfractions obtained by density gradient ultracentrifugation are presented in Table 3 . Consistent with the differences already noted between HDL, and HDL,, the percentage protein increases as the density increases and the percentage lipid components decrease. The unesterified cholesterol showed the greatest decline, decreasing from 10% in the uppermost, least dense fraction to 2.4% in the most dense fraction. Table 4 to unesterified cholesterol ratio also increased with density, reflecting the greater decline of unesterified cholesterol relative to the other lipid components. In contrast, the cholesteryl ester to triglyceride ratio showed little change across the density spectrum.
Discussion
Reduced lipid and lipoprotein levels for umbilical cord blood have been reported by ourselves and others. 6 " 19 ' 27 The mean total HDL cholesterol level of 24.9 mg/dl and HDL triglyceride level of 5 mg/dl in the present study is commensurate with these reduced levels and is on the low end of the range of values that have been reported by others (i.e., 24 to 39 mg/ dl HDL cholesterol and 5 to 13 mg/dl HDL triglyceride). Our lower values may reflect either differences in the techniques used to isolate the HDL or differences among the populations studied.
The fractionation of the cord blood HDL into HDL, and HDL3 showed that the HDL, comprised the majority of the HDL mass. This result was consistent with the previously reported analysis of cord blood lipoproteins by analytical ultracentrifugation in which three-component analysis revealed that HDL, (HDL^ and HDL^) was the major HDL subpopulation present in cord blood HDL. 27 Analysis of neonatal HDL by GGE confirmed the shift toward larger HDL and revealed several differences between the particle distributions present in the neonate and those found in the adult. Blanche et al. 22 in their GGE study of adult HDL particle distribution found that the adult HDL could be divided into five distinct R, ranges. The pattern of cord blood HDL demonstrated that the sizes of particles were both larger and smaller than adult particles and that cord blood lacked the (HDL^)^ normally seen as a major component in adult patterns. When we examined by GGE the subfractions obtained by density gradient ultracentrifugation, the gel scans revealed that the density gradient used separated the less dense HDL subpopulations into relatively distinct fractions, but that the denser fractions were not well separated as evidenced by the presence of multiple components. The GGE of subfractionated HDL also revealed that (HDL 3a ) gg<) -sized particles are indeed present but they are diminished relative to the other HDL components and thus the pattern for the total HDL showed no peak in that region.
The composition of the cord blood HDL fractions appears to differ in several ways from that reported for adult HDL. Direct comparisons, however, between cord blood HDL fractions and those obtained from adults are complicated both by the different fractionation schemes used and, more important, by the difficulty in selecting an appropriate population of adults with which to compare it. With that caveat, the least dense cord blood HDL fraction obtained (Fraction 1), when compared to the roughly equivalent adult fractions obtained by Tall et al., 28 Patsch et al., 29 and Cheung and Albers, 30 showed increased free cholesterol content (10% vs 5% to 7%) as well as increased cholesteryl ester (29% vs 21 % to 25%). In this fraction from cord blood HDL, the percentages of protein and phospholipid were lower and the percentage of triglyceride was approximately equivalent to that reported for adults.
28 '
x The denser cord blood HDL fractions showed similar trends upon comparison to adult HDL fractions, i.e., they contained relatively more cholesterol (both esterified and free) and less phospholipid and protein. The densest cord blood HDL fraction (Fraction 6), while roughly comparable to adult HDL in lipid composition, contained relatively more protein, thus probably accounting for the smaller HDL noted upon GGE and EM.
The apolipoprotein content of the neonatal HDL showed significant differences in comparison to adult HDL. In particular, apo E and apo E-A-ll complexes, normally present in trace amounts in adult HDL, 31 were greatly enriched in cord blood HDL. The percentage of total plasma apo E found in the cord blood HDL density region (34%) was comparable to that found by Blum et al. 25 for adult HDL apo E distribution (35%). However, the ratio of HDL cholesterol to HDL apo E was significantly decreased in cord blood (14.4 mg cholesterol/mg apo E) compared to a value for adult HDL calculated from Havel et al. (49 mg cholesterol/mg apo E). 32 The percentage of the total protein in cord blood HDL represented by apo E was two-fold greater than that obtained by Mackie et al. 33 for adult HDL.
All cord blood HDL fractions separated by density gradient ultracentrifugation contained apo A-l. In addition, apo E and apo A-ll were also present but showed density-dependent differences in their relative distribution. HDL apo E, on the basis of SDS-PAGE and RIA, was present predominantly in the less dense fractions with the majority (45.6%) in the least dense, top fraction. Apo A-ll showed the opposite behavior with increasing amounts present with increasing density. Apo E in HDL subfractions was present mainly in the form of an apo E-A-ll complex which accounted for 10% to 14% of the total protein present in the top two fractions. Several investigators studying apo E distribution in adult HDL have shown a preferential association of apo E with larger, less dense HDL, particularly HDL,. 25 ' »•'3 5 Cheung and Albers 30 and Patsch et al. 29 have shown increasing apo A-ll/apo A-l ratios with increasing density when adult HDL is fractionated. Cord blood HDL showed a similar pattern with the A-ll/A-l ratio rising from 0.04 (Fraction 1) to 0.13 (Fraction 6).
The least dense top fraction of cord blood HDL, while containing the bulk of the apo E, also showed an elevated unesterified cholesterol content. The elevation in apo E content and unesterified cholesterol resembles that shown for HDL^ particles isolated from cholesterol-fed dogs 38 and recently isolated from normal adult plasma by Schmitz and Assmann. 37 Innerarity et al. 38 have demonstrated that the interaction of HDL with cell surface receptors of fibroblasts is mediated by the presence of apo E and that the apo E-A-ll complex does not interact with the receptors. The significance of this lack of interaction between the HDL containing apo E-A-ll and the cell surface receptors is unclear. One can speculate that the formation of the apo E-A-ll complex causes the size increase by decreasing the turnover of the HDL, allowing increased accumulation of lipids with a resulting increase in size. The effect of apo E-A-ll on the esterification of cholesterol in HDL is unknown. The elevated apo E content (albeit as apo E-A-ll) may alter the HDL particle interaction with lecithin:cholesterol acyltransferase (LCAT), as Marcel et al. 35 have demonstrated that apo E containing HDL were less active in the LCAT reaction than were non-apo E containing HDL. Another consideration is that the level of LCAT in cord blood is reduced to one-half the adult level. 39 The possible lack of reactivity with LCAT of the cord blood HDL combined with the reduced levels of LCAT may account for accumulation of unesterified cholesterol which may, in turn, cause the increased particle size observed.
Neonatal HDL share certain features with HDL from patients with severe alcoholic liver disease, familial LCAT deficiency, and abetalipoproteinemia (ABL). Severe alcoholic liver disease results in a shift of HDL sizes toward HDL, and increased amounts of apo and apo E-A-ll complexes. 40 ' 41 Up to 40% of the HDL protein mass can be made up of apo E, and the apo E present is found mostly associated with the lower density HDL (d = 1.063 to 1.080).
4042 However, unlike cord blood plasma, plasma from patients with severe alcoholic liver disease also show the presence of discoidal HDL which may reflect alcoholinduced liver damage and a subsequent decline in LCAT activity. Patients with familial LCAT deficiency also show alterations in their HDL similar to those displayed by the neonate. The size of the HDL is shifted toward larger size particles. 1 * 3 The apolipoprotein content is also altered, with apo E content increased and a significant portion of that apo E present as apo E-A-ll. 43 However, due to the absence of LCAT, the HDL in these patients are present predominantly as discoidal structures. Finally, ABL patients who have a congenital lack of apo B and thus no triglyceride-rich lipoproteins (chylomicrons and VLDL) have HDL that are shifted in size to larger, less dense HDL and have increased levels of apoE. 44 " 46 Using in vitro studies, Deckelbaum et al. 4849 have sought to link the absence of triglyceride-rich lipoproteins to the alterations noted in ABL HDL. They propose that the size distribution and composition of normal HDL are determined by the interaction of HDL with triglyceride-rich lipoproteins, LCAT, cholesteryl ester exchange protein and lipase. In such a model, HDL acquire cholesterol and become larger. The unesterified cholesterol acquired by the HDL is subsequently converted to cholesteryl ester by LCAT, a reaction, as mentioned earlier, reported to be influenced by apo E content. The esterified cholesterol of the HDL is then exchanged for triglyceride in triglyceride-rich lipoproteins, a reaction mediated by the triglyceride-cholesteryl ester exchange proteins) present in plasma. The triglyceride-enriched HDL are then acted upon by lipase to generate smaller HDL. In the ABL patient, where triglyceriderich lipoproteins are absent, these processes are disrupted, resulting in the altered HDL distribution. Assuming that the same processes occur in cord blood, one would expect that the latter should contain larger, apo E-enriched HDL as cord blood has extremely low levels of VLDL. 27 Although the effects of the large amounts of apo E-A-ll present on the proposed processes are unknown, it is attractive to speculate that the differences in HDL distribution and composition noted in cord blood may be related to the interaction of LCAT, apo E level, and VLDL metabolism. In addi-tion, as we have recently observed, the relative absence of material in the (HDLa,)^ region noted upon gradient gel electrophoresis may also be related to a similar lack of (HOLJ^,, in adult patients with low levels of both VLDL and HDL (Forte, Nichols and Norum; unpublished observations).
The role of HDL in fetal metabolism is unknown. The fetus, unlike the adult, has limited, if any, dietary input via the small intestine, thus the liver is the predominant organ for lipoprotein synthesis. Fetal liver in organ culture has been shown to synthesize a large number of the apolipoproteins (apo A-l, A-ll, B, E, and C) while the fetal intestine in organ culture appeared to synthesize only apo A-l in appreciable amounts. 50 The fetus represents a rapidly growing system with the resultant need for lipids as structural elements and as precursors for hormones. 51 The combined effects of these factors are manifested in the alterations in HDL size and composition found in the neonatal umbilical cord blood HDL.
